Abstract Aerosol deposition may supply a high diversity of airborne microbes, which can affect surface microbial composition and biological production. This study reports a diverse microbial community associated with dust and other aerosol particles, which differed significantly according to their geographical air mass origin. Microcosm bioassay experiments, in which aerosols were added to sterile (0.2 μm filtered and autoclaved) SE Mediterranean Sea (SEMS) water, were performed to assess the potential impact of airborne bacteria on bacterial abundance, production, and N 2 fixation. Significant increase was observed in all parameters within a few hours, and calculations suggest that airborne microbes can account for one third in bacterial abundance and 50-100% in bacterial production and N 2 -fixation rates following dust/aerosol amendments in the surface SEMS. We show that dust/aerosol deposition can be a potential source of a wide array of microorganisms, which may impact microbial composition and food web dynamics in oligotrophic marine systems such as the SEMS.
Introduction
Low-nutrient low-chlorophyll (LNLC) marine provinces occupy 50-60% of the ocean's surface areas [Cullen and Boyd, 2008; Steinacher et al., 2010] . These oligotrophic regions are usually dominated by small-size pico-phytoplankton [Uitz et al., 2010] and by fast microbial recycling of nutrients [Azam and Malfatti, 2007; Buchan et al., 2014] . Future climate change scenarios predict warmer, more stratified, and larger LNLC regions, reducing nutrient availability to the photic zone [Polovina et al., 2008; Steinacher et al., 2010; Gruber et al., 2011] .
The supply of new nutrients from external sources such as atmospheric deposition to LNLC regions has been studied through model simulations [Mahowald, 2007; Guieu et al., 2014] , as well as laboratory and onboard experiments simulating dust/aerosol addition scenarios [Mills et al., 2004; Mackey et al., 2012; Guieu et al., 2014] . These studies show that atmospheric inputs may provide limiting macronutrients (nitrate and phosphate) and micronutrients (trace metals) required to sustain productivity (reviewed in Guieu et al. [2014] ) or can supply toxic metals and other pollutants Jordi et al., 2012] .
In addition to supplying chemical constituents, aerosols also supply a wide array of airborne microbes [Burrows et al., 2009; Reche et al., 2009; Womack et al., 2010; Polymenakou, 2012; Peter et al., 2014; Katra et al., 2014] . A considerable fraction (1-25%) of these microbes remains viable during transport [Womack et al., 2010; Polymenakou, 2012] . Despite this, only a handful of studies focus on ecological implications of airborne microbes in marine ecosystems [Kellogg and Griffin, 2006; Smith, 2013] .
The SE Mediterranean Sea (SEMS) is a stratified ultraoligotrophic LNLC environment [Krom et al., 1991; Bosc et al., 2004; Rahav et al., 2013a; Raveh et al., 2015] , with extremely low surface dissolved inorganic phosphorus and nitrogen concentrations [Kress and Herut, 2001; Kress et al., 2014] . One of the main external sources for nutrients in this LNLC system is atmospheric depositions [Herut et al., 1999; Guerzoni et al., 1999; Koçak et al., 2010; Léon et al., 2015] . Previous studies showed that nutrient release from aerosol deposition triggered an increase in primary and bacterial production rates and caused a shift in the relative abundance of small-size cyanobacterial communities Ternon et al., 2011; Guieu et al., 2014] .
To date, the role of airborne microbes play in the LNLC SEMS, which is subject to high atmospheric dust/aerosol deposition rates [Dayan et al., 1991; Ganor et al., 2010] , is unclear. In this study, we characterized the genetic fingerprinting of microorganisms attached to aerosols from representative storm events of Koçak et al., 2004 Koçak et al., , 2005 . However, for the current study, a simpler three sector categorization was adopted ( Figure 1a ): (i) northern (East Europe) airmasses (relatively lower crustal to anthropogenic contributions), (ii) southwestern high crustal (Sahara desert) air masses, and (iii) southern high crustal (Middle East) air masses. Three-day back trajectories arriving at 500, 1000, and 3000 m altitude levels were calculated for each sample, commencing at 10:00 UTC using the Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT) model from the Air-Resources Laboratory.
Aerosol Bioassay Experiments
Nine aerosol-enrichment microcosms (in triplicates) were carried out in 1-L acid washed polycarbonate Nalgene bottles using sterile (0.2 μm filtered and autoclaved-killed) surface SEMS water. Subsamples (2.5 cm 2 ) from each of the seven aerosol filters were added to the microcosm bottles, which were shaken and put in an outdoor pool with seawater flow-through to maintain ambient temperature and covered with a neutral density screening to simulate ambient light for 48 h. These additions represent 1.5-1.8 mg L À1 of aerosol concentrations. Blank treatments were carried out, containing either an acid-washed Whatman-41 filter or UV-killed (24 h) aerosols. Subsamples of water (20 mL) from each incubation bottle were collected for bacterial production and abundance measurements 0.5, 2, 4, 8, 24, 30, and 48 h after aerosol addition.
Additional bioassay microcosm experiment was conducted (in triplicate) using dust collected by glass plate in February 2015, which was originated in the Sahara desert (dash line, Figure 1a ). Dust was added (1.5 mg L À1 ) to 4.5 L acid washed polycarbonate Nalgene into sterile surface SEMS water as described above. After 48 h incubations under ambient light and temperature conditions, the treatments were sampled for bacterial production, bacterial abundance, and dinitrogen (N 2 ) fixation.
DNA Extractions, High-Throughput Phylogenetic Analyses, and Sequence Analyses
Community genomic nucleic acids were extracted from the seven dust samples (Table S1 in the supporting information) using the phenol-chloroform method modified according to Massana et al. [1997] . The universal eubacterial primers 27 F and 338R were used to amplify the 16S rRNA gene region. Polymerase chain reaction products for the 16S fractions were sequenced to get a representative view of the bacterial community composition in each filter using Roche 454 FLX titanium instruments and reagents. Sequences were processed and analyzed using "quantitative insights into microbial ecology" (QIIME), open-source software pipeline [Caporaso et al., 2010] . See supporting information for further details.
Bray-Curtis dissimilarity index for beta-diversity comparison between relative operational taxonomic unit (OTU) across aerosol samples was calculated with the QIIME "beta_diversity.py" script [Langille et al., 2013] .
Bacterial Abundance
Samples (1 mL) for bacterial abundance were collected, fixed with 50% glutaraldehyde (0.15% final conc. v/v., Sigma G7651), and incubated in room temperature for 10 min and quickly frozen in liquid nitrogen. Prior to counting, samples were fast thawed at 37°C and stained with 0.5 nM SYTO9 (Applied-Biosystems) in the dark for 15 min [Vaulot and Marie, 1999] . Samples were analyzed with an Attune acoustic focusing flow cytometer (Applied-Biosystems) equipped with a syringe-based fluidic system at a wavelength of 520 nm and a flow rate of 25 μL min
À1
. Size standard was set using 0.93 μm beads (Polyscience).
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Bacterial Production
Rates were estimated using the 3 H-leucine (Amersham, specific activity: 160 Ci mmol
À1
) incorporation method [Simon et al., 1990] . A conversion factor of 1.5 kg C mol À1 leucine incorporated was used, assuming an isotopic dilution of 2.0 [Simon et al., 1989] . See supporting information for further details.
Dinitrogen (N 2 ) Fixation
Rates of N 2 fixation were measured only for the experiment with dust collected in February 2015 (originated from the Sahara desert) using the newly developed 15 N 2 -enriched seawater method [Mohr et al., 2010] with minor modifications [Rahav et al., 2013a] . See supporting information for further details.
Statistics
Principle component analysis of the rRNA diversity from the different aerosol sources were generated using the XLSTAT software. Changes in bacterial abundance, production, and N 2 fixation rates in the different aerosol treatments were evaluated using a one-way analysis of variance (ANOVA), followed by a Fisher LSD multiple comparison post hoc test with a confidence of 95% (α = 0.05), using the XLSTAT software.
Results and Discussion
Dust and aerosol deposition worldwide range from 0.5 to 5.0 billion tons [Perkins, 2001] , mostly from the Sahara and Sahel deserts (>50% [Prospero and Lamb, 2003] ). The SEMS, being relatively close to desert sources, is frequently subjected to high inputs of dry atmospheric depositions [Guerzoni et al., 1999; Herut et al., 1999 Herut et al., , 2002 , ranging from 1 to 50 g m À2 yr À1 [Lawrence and Neff, 2009] . These atmospheric inputs will likely become even greater in the near future when considering desertification and human-induced activities [Prospero and Lamb, 2003; Neff et al., 2008] . In this study, aerosol samples collected at the SEMS representing relatively large continental atmospheric deposition events were studied (Table S1 ). These samples were either impacted by anthropogenic sources (e.g., Eastern Europe samples) or represent largely particles from natural land source (i.e., Middle East and Sahara).
The Diversity and Functionality of Heterotrophic Airborne Microorganisms
Heterotrophic airborne microbial community, derived from 16S rRNA genes analyses, exhibited high diversity in all aerosol samples. The following phyla were retrieved: Acidobacteria, Actinobacteria, Bacteroidetes, Proteobacteria, and Firmicutes, as well as unclassified bacteria. These phyla are usually widespread in nature and were previously found in desert soils [Janssen, 2006] as well as aerosols [Kuske et al., 1997; Katra et al., 2014] . Within these phylotypes, the most dominant families (as relative OTUs) were Pseudomonadaceae (3-11%), Bacillaceae (4-34%), Rhodobacteraceae (4-13%), Cytophagaceae (3-16%), Frankiales (2-8%), and Chloroflexaceae (2-8%) (Figure 1b) . These retrieved genes are in agreement with A Bray-Curtis dissimilarity index for beta-diversity comparison between relative OTUs across the different aerosol samples is shown in Table S2 .
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other studies that identified airborne microorganisms in almost every aerosol sample collected worldwide, including the Southern Ocean [Pósfai et al., 2003] , the Arctic Ocean [Leck and Bigg, 2008] , the Middle East , the Virgin Island [Griffin et al., 2001] , and in freshwater aquatic systems such as mountain lakes in the Alps [Peter et al., 2014] and Mediterranean lake reservoirs [Reche et al., 2009] .
Principle component analysis indicated three different clusters of "biological" signatures based on rRNA, which corresponded to the aerosol geographic origin (Figure 1c ). Bray-Curtis dissimilarly index showed 24-63% differences between the relative OTUs. Based on this matrix, the Eastern Europe and Sahara aerosols were relatively close (27-36%), whereas the Middle East and Eastern Europe samples exhibited the highest distance from one another (63%) ( Table S2) . These results highlight the role of biogeography in the diversity of airborne microorganisms that are being delivered into the SEMS via atmospheric depositions.
Data retrieved from field and laboratory controlled experiments, as well as from model simulations, indicate that no simple pattern can explain the high variability usually observed when considering the response of phytoplankton and bacterial abundance and activity to atmospheric deposition . This variability can be attributed to the additions of different types of dust/aerosols, providing nutrients, but also by a wide array of airborne microbes supplied with the dust/aerosols. Thus, the impact of airborne bacteria should also be considered when assessing the biological responses in dust/aerosol addition bioassays. In fact, to date, little is known about the activity of airborne microbes in seawater and how they compete/interact with ambient microbial populations. We hypothesized that due to the unique bacterial assembly in the different aerosol samples (Figure 1 ), the survival and activity of the airborne microbes from these filters will also vary as different groups have different metabolic needs and growth rates [Kirchman, 2012] . We therefore experimentally examined airborne bacterial abundance and activity in sterile surface LNLC SEMS water over the course of 48 h using different aerosol types (i.e., Sahara, Middle East, and Eastern European sources). We assumed that any significant activity above background levels (sterile seawater with or without UV-killed dust) would be a result of the airborne microbes.
Heterotrophic bacterial abundance in the sterile SEMS waters to which aerosols were added gradually increased throughout the experiment duration and especially in the first 8 h following the aerosol addition (Figures 2a and 2b) . Bacterial abundance from the aerosol that originated from the Sahara increased Table S3 and Figure S1 .
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approxiumately twofold 4 h after its addition (compared to the immediate value measured 0.5 h following addition), reaching a plateau after 8 h (Figures 2a and 2b) . The Middle East aerosol triggered the same trend, though with a threefold to fourfold increase in airborne bacterial abundance over 48 h (Figures 2a and 2b) . Aerosol originating from Eastern Europe exhibited the longest (24 h) and most pronounced (fivefold) increase in bacterial abundance before reaching a plateau (Figures 2a and 2b ). Our observations are in agreement with Peter et al. [2014] that reported an increase in bacterial abundance following dust deposition in sterile lake waters, however, that was only after 4-5 days and the increase was larger (100-fold). The differences between the studies may result from different airborne bacterial communities, aerosol chemical properties, atmospheric transport processes, and ambient water characteristics. Regardless, the fast and significant (P < 0.05) increase of bacterial abundance in sterile seawater following addition of all aerosol types examined here suggests that some airborne bacteria can immediately start interacting with the ambient microbial populations once deposited. This observed increase in bacterial abundance in the sterile seawater corresponds to~1% of the typical abundance in the SEMS waters [e.g., Herut et al., 2005; Pulido-Villena et al., 2014; Raveh et al., 2015] . Among these airborne microbes, it is possible that only few specialized taxa are viable and can affect the ecology of the receiving environment, and particularly the surface microlayer. It is also possible that the observed increase in bacterial abundance (Figures 2 and S1) could be due to the release of nonactive bacteria alongside viable bacteria. Based on the cell enumeration alone we cannot conclude what fraction of these bacteria were actually viable (active). Further, we cannot rule out that airborne viral introduction has resulted in cell lysis during the 48 h timeframe of the experiment, which pose additional constrains on the bacterial abundance, hence the observed plateau several hours after deposition (Figures 2a and 2b ).
The highest airborne bacterial abundances were found in aerosols originating from Eastern Europe and the lowest from the Middle Eastern aerosols (Figure 2c ). These differences highlight the fact that the aerosols' origin and their potential route prior to deposition have a significant effect on the number of bacteria contained within their particles as well as on their identity. Similarly, Griffin et al. [2002] demonstrated that dust might pick up microorganisms along its route through the adhesion of microbe-laden fine aquatic sprays to dust particles.
While several studies have shown that desert dust contains airborne bacteria (references herein and reviewed by Griffin [2007] ), and some reports on growth after deposition in freshwater settings exist [Reche et al., 2009; Peter et al., 2014] , to our knowledge, no studies reported airborne microbial activity in seawater (i.e., carbon and nitrogen utilization).
Overall, bacterial production increased approximately fourfold relative to time zero (prior to addition) measurements following aerosol additions (Figures 2d, 2e , S1), though with no distinct biogeographical pattern (Figure 2f ). Yet cell-specific activity (i.e., bacterial production per bacterial abundance), showed distinct biogeographical trends ( Figure S2 ). These biogeographical differences may be explained by differences in the species of the laden bacterial heterotrophs (Figure 1b) , the amounts of nutrient/metal leached from each aerosol type, as well as induced processes during transport due to changes of pH, temperature, and moisture content [Gans et al., 2005; Janssen, 2006; Nenes et al., 2011] . The retrieved bacterial production corresponds tõ 50% of the typically measured rates in the open SEMS (reviewed in Pulido-Villena et al.
[2012]) and~20% of the SEMS coastal water [Raveh et al., 2015] . Thus, in times of high atmospheric deposition, as in the case of the aerosols collected and examined here, airborne bacteria can be important contributors in the SEMS surface (especially in the top microlayer) water's microbial loop.
The bacterial abundance, and more so the activity data, illustrates the potential involvement of airborne microbes in diverse ecological functions in seawater. One possible ecological function of airborne bacteria is exemplified in the N 2 fixation rates, showing that aerosol-associated diazotrophs can become active and fix N 2 (Figure 3 ). Aerosol addition (collected in February 2015) into sterile SEMS water significantly increased N 2 fixation rates after 24 h incubation (P < 0.05; Figure 3 ). The obtained airborne microbes' net N 2 fixation (0.03 nmol N L À1 d
À1
) are~16% of the "typically" measured rates in this region (usually <0.2 nmol N L À1 d À1 [Bonnet et al., 2011; Yogev et al., 2011; Rahav et al., 2013a Rahav et al., , 2013b Rahav et al., , 2013c ). These results emphasize the potential ecological importance of airborne microbes in LNLC marine environments such as the SEMS, via the involvement in both the carbon and nitrogen cycles. In agreement with our findings, a study from the Gulf of Aqaba reported nifH sequences as derived from phylogenetic analyses of aerosol samples associated with Saharan dust [Foster et al., 2009] [Foster et al., 2009] . However, this ecologically important topic requires more research, including the use of molecular tools to identify which airborne diazotroph actually fixes N 2 following deposition (cDNA), under what circumstances, and how common is this phenomenon.
The Potential Net Impact of Airborne Bacteria in the Mediterranean Sea
The biogeochemical effects of atmospheric deposition on surface LNLC Mediterranean waters were previously assessed using dust/aerosol addition bioassays (in situ microcosms and mesocosms). In all of these bioassay experiments, the net change observed in bacterial abundance or activity and N 2 fixation (whether positive or negative) was attributed to fertilization by nutrients or trace metals derived from the added dust/aerosol. Yet all of these studies overlooked the possible impact of the added airborne bacteria along with the leached nutrients. We compiled the percent change (T final /T control × 100) in bacterial abundance, bacterial production, and dinitrogen fixation rates from all of these bioassays Romero et al., 2011; Ridame et al., 2011; Ternon et al., 2011; Pulido-Villena et al., 2008 , 2014 and compared them to the net change attributed to airborne microbes as measured in this study (Figure 4 ). This comparison allowed us to estimate the potential contribution of airborne microbes to the total observed effects of dust/aerosol addition bioassays in the LNLC Mediterranean waters (i.e., both chemical and biological effects). The percentage contribution of heterotrophic airborne bacterial abundance was one third (~33%) of the average change observed following similar aerosol amendments as compiled from the above experimental studies in the Mediterranean Sea (Figure 4a ). This emphasizes the significant contribution of airborne bacteria to the observed change in these bioassay experiments. The percent change in bacterial production rates following aerosol additions were similar in both the above reported studies and in this study, emphasizing equal contribution of the chemical and biological components (Figure 4b ). The different relative contributions of bacterial abundance and production suggest that the airborne microbes exhibit relative higher activity per cell (i.e., low abundance and high production rates). Furthermore, the airborne dinitrogen fixation contributed~50% of the total change following aerosol amendments in surface Mediterranean seawater (Figure 4c ), suggesting that atmospheric depositions can inject new viable diazotrophs, along with dissolved nutrients.
Conclusions
Climate change and desertification may increase dust storm events and frequencies in vast areas of the ocean [Prospero and Lamb, 2003; Guieu et al., 2014] . Several studies have shown that these dust/aerosol particles can act as a long-range mobilization vector for microorganisms [e.g., Kellogg and Griffin, 2006; Griffin, 2007] , including of rare bacterial taxa [e.g., Peter et al., 2014 ]. Yet to date, very little is known about the potential impacts of airborne microbes upon deposition into marine ecosystems and about their influence on biogeochemical processes. Further, the mechanisms that enable airborne bacterial populations to cope with the ambient microbial populations, and possibly outcompete them, are currently vague. It is possible that airborne bacteria are fast utilizers of organic carbon and inorganic nutrients, have toxic/allelopathic/pathogenic functions, or that they can synergistically cooccur with ambient microbial populations. We address here some of these issues demonstrating that aerosols from different geographical sources (Figure 1a) can carry unique consortia of heterotrophic microorganisms (Figures 1b and 1c) . We assume that the harsh environmental conditions during transport likely act as an environmental filter, thus only specialized taxa, possibly with 
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protecting mechanisms such as high DNA GC content [Matallana-Surget et al., 2008] , sporulation [Jones and Lennon, 2010] , or accumulation of photo-protecting pigments [Tong and Lighthart, 1997] , can remain viable. Thus, biogeographical aspects are important controlling factors that will possibly introduce new system functions and should be studied both spatially and temporally. This might be especially important in the SEMS, where increase in atmospheric deposition intensity and frequency is expected [Rogora et al., 2004; Guieu et al., 2014] . Our results also demonstrate that some of the airborne microorganisms exhibit high cell-specific activity ( Figure S2 ), allowing interactions with ambient microbial populations immediately upon deposition. Furthermore, we show that airborne bacteria are active, fixing both carbon (Figure 2) , and nitrogen (Figure 3 ). Dinitrogen fixation mediate by airborne microbes can contribute to the current debate on factors controlling this process in the Mediterranean Sea [Berman-Frank and Rahav, 2012] , as well as to the biogeochemical role of atmospheric deposition in LNLC regions [e.g., Sohm et al., 2011] .
Finally, desert dust/aerosols usually carry small-size autotrophic cyanobacteria, fungi, and viruses [Griffin, 2007; Lang-Yona et al., 2014; Sharoni et al., 2015] . These organisms may have additional ecological implications in the ocean [Vardi et al., 2012] , including on microbial composition [Suttle, 2007] , or may affect marine organisms via pathogenesis [Sharoni et al., 2015] .
Taken together, dust/aerosols dispersal can be a potential source of a wide array of organisms, which may impact microbial composition and food web dynamics in marine environments. These potential ecological roles are just beginning to be recognized [Smith, 2013] and should be taken into account in future studies when estimating the impact of dust in surface marine environments. Figure 4 . The percent change (T final /T control ) of (a) bacterial abundance (BA), (b) bacterial production (BP), and (c) N 2 fixation in bioassays aerosol additions to live (ambient, nonkilled) surface seawater from the oligotrophic Mediterranean Sea Romero et al., 2011; Ridame et al., 2011; Ternon et al., 2011; Pulido-Villena et al., 2008 , 2014 (Pitta et al., unpublished) and to sterile SEMS water (this study). The percent change is normalized to 1.5 mg L À1 aerosol addition; the asterisk represents significant statistical difference (α = 0.05). Note that all of the numerical information is provided in the figures produced and/or in the supporting information.
Geophysical Research Letters
